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Optical probe of microwave current distributions in high temperature
superconducting transmission lines
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This work develops two techniques for optically probing the spatial profile of microwave frequency
superconducting currents. As an application, we measured the effects of high microwave powers on
the spatial distribution of current on coplanar superconducting transmission lines fabricated using
YBa2Cu3O72d and Tl2Ba2CaCu2O8. For both techniques, a focused light-spot served as the spatial
probe whose effect was measured through the change in transmitted microwave power. For resonant
geometries, the change was due to the kinetic-inductance bolometric effect; for nonresonant
geometries, the change was due to the resistive-transition bolometric effect. Kinetic-inductance
photoresponse measurements were acquired by setting the microwave frequency on the shoulder of
a resonance and measuring the change in the microwave power transmitted through the device that
occurred when the absorption of light shifted the frequency of the resonance. These
kinetic-inductance measurements were performed as a function of microwave power on a
YBa2Cu3O72d coplanar device at 74 K and on a Tl2Ba2CaCu2O8 coplanar device at 80 K. Because
the photoresponse in this technique is proportional to thesquare of the local current density
underneath the light spot~as opposed to directly proportional!, this technique is sensitive to current
redistribution on length scales much smaller than the;6 mm spatial resolution of our
measurements.Extrinsic ~defect and grain boundary associated! and intrinsic photoresponses were
measured. Both coplanar samples showed no change in the intrinsic spatial distribution of the
current as the microwave power was varied. At all temperatures the Tl2Ba2CaCu2O8 sample
exhibited substantial extrinsic spatial variations on a distance scale equal to the film’s;5 mm grain
size; these spatial variations became more dramatic as the temperatureT approached the critical
temperatureTc . The spatial variations for the finer-grained YBa2Cu3O7 sample were much less
pronounced. Behavior consistent withTc being several degrees lower at the film edges was observed
asT approachedTc ; the edge-current photoresponse started to narrow, increase faster than linearly
with light power, and move away from the film edges toward the center of the strip; lowering the
light power lessened these effects. Resistive-bolometric photoresponse measurements performed at
temperatures within the resistive transition exhibited the same light power effects nearTc . The
kinetic-inductance photoresponse can also be used as a probe of the local quality of unpatterned
superconducting films; for this usage an unpatterned film serves as one wall of a resonant cavity and
a focused light beam is scanned through the transparent substrate onto the underside of the
superconducting film while monitoring the shift in the cavity resonance. ©1998 American
Institute of Physics.@S0021-8979~98!03815-8#
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I. INTRODUCTION

In this work, we develop several techniques in which
focused light beam is used as a spatial probe of the cur
density in a superconductor. We then apply one of th
techniques to study the possible redistribution of microwa
frequency current in the limit of high current densities. T
spatial distribution of currents and fields in high temperat
superconductors at high microwave powers is an active
of interest for both theoretical and practical reasons.1–4 There
are significant advantages to using planar transmission
geometries in real applications. In planar geometries, su
conducting thin films patterned in rectangular strips ca
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current. It is at the edges of these strips~where the magnetic
fields and the currents that screen them are the largest! that
deviations from the low field and current behavior will fir
be encountered. In practical terms, this behavior can take
form of increased resistive loss and the increased genera
of power in higher harmonics of the applied electromagne
wave. It has been observed that when high microwave p
ers are applied to superconducting transmission lines, o
harmonics of the applied frequency are generated.5 In mate-
rials such as YBa2Cu3O72d ~YBCO!, the power generated in
the third harmonic is proportional to the cube of the appl
power ~e.g., P35P1

3!. In Tl2Ba2CaCu2O8 ~TBCCO!, for a
range of applied powers, the third harmonic increases m
more slowly5—a desirable behavior. One model proposed
8 © 1998 American Institute of Physics



ig
ur

o
-
cr
th

gh
at
d

t b
tic
cr
a
cu
th
nc
c
ri
he
e
ns
ti
he

s
los

e
p
de

er

ro
h
lm

ity
c

m
o
a
o

te
on
g
-

th
ot
.
tia
w
tic
d

is
ce of

for
-
htly

thin
-
this

h
t is

ter.
In a
ld

per-
eld
rgy

-

ight
ere
of
field

ured
out

st,

uc-

e-
lcu-

ed
y
-

2769J. Appl. Phys., Vol. 84, No. 5, 1 September 1998 Culbertson, Newman, and Wilker
explain the weaker harmonic generation in TBCCO at h
microwave powers invokes the spatial redistribution of c
rent in the superconducting film.5

In this work, we have used our kinetic-inductance ph
toresponse technique6 and our new resistive-transition pho
toresponse technique to measure the spatial profile of mi
wave frequency current in superconductors and to study
spatial redistribution of current. In these techniques, a li
spot focused on the superconducting film acts as the sp
probe. For kinetic-inductance measurements, as performe
this work, the superconducting region being probed mus
part of a resonant transmission line structure. A kine
inductance photoresponse is acquired by setting the mi
wave frequency to be on the shoulder of a resonance
measuring the change in microwave transmission that oc
as the absorption of light heats up the film and shifts
frequency of the resonance. Using the kinetic-inducta
photoresponse technique, spatial profiles of the current
be measured from temperatures near to well below the c
cal temperatureTc of the superconductor, whereas using t
resistive-transition photoresponse technique measurem
can be made only at temperatures within the resistive tra
tion. These techniques have a theoretical spatial resolu
on the order of the wavelength of the probing light in t
region just above the superconducting film.

Our techniques have the advantage of high spatial re
lution, fast response, and the lack of a physical probe in c
proximity to the surface being probed~which could poten-
tially perturb the field geometry!. The possession of thes
three features is in distinct contrast with other reported s
tial probes@e.g., superconducting quantum interference
vices ~SQUIDs!,7–10 Hall probes,11,12 coaxial probes,13 or
field sensitive films placed in close proximity to the sup
conducting surface being studied14#.

II. THEORY BEHIND THE MEASUREMENT OF J

Two different techniques for measuring the spatial p
file of the current densityJ are introduced here. In bot
techniques, visible light focused on a superconducting fi
acts as the spatial probe. In these techniques, the intens
the probing light beam is modulated at the frequen
f light-chop and light energy is absorbed in the film at this sa
frequency. This periodic energy absorption gives rise t
periodic temperature modulation in the material underne
the light spot.All of the temperature dependent properties
the illuminated part of the superconductor will be modula
at f light-chop. One important concern for the spatial resoluti
of the measurement is that the energy deposited durin
light-on half-cycle will diffuse away from the light spot dur
ing the cycle. The light modulationf light-chop must be rapid
enough so that the thermal diffusion of heat away from
light spot within one period of the modulation cycle is n
large enough to significantly reduce the spatial resolution

We report on two techniques for measuring the spa
profile of J that rely on the temperature dependence of t
different properties of the superconductor. For the kine
inductance bolometric technique, the property modulate
the magnetic field penetration depthl. For the resistive-
h
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transition bolometric technique, the property modulated
the film resistance. Whereas the temperature dependen
l is significant at temperatures well belowTc , the tempera-
ture dependence of the film resistance is significant only
temperatures nearTc . As a consequence, the kinetic
inductance technique can be used from temperatures slig
below to temperatures well belowTc . The resistive-
transition technique can be used only at temperatures wi
the resistive transition nearTc . The kinetic-inductance tech
nique was used to acquire most of the data reported in
work.

A. Measuring J using the kinetic-inductance
photoresponse

In this technique, the magnetic field penetration deptl
is the temperature dependent property of importance tha
modulated at the frequencyf light-chop. The illuminated film
spot must be part of a resonant structure or an interferome
The case of a resonant structure is considered here.
resonant structure, ifl is modulated, then the magnetic fie
energy stored in the resonator is also modulated. Asl in-
creases, the magnetic field penetrates further into the su
conductor and the total energy stored in the magnetic fi
increases. This increase in stored magnetic field ene
causes a decrease in the resonance frequencyf . The reso-
nance frequencyf of the structure~of which the spot illumi-
nated by the light is a part! is thus modulated at the fre
quencyf light-chop. The magnituded f of the modulation off
depends on the magnitude of the magnetic field at the l
spot. For example, if there is no magnetic field, then th
will be no change in the stored energy and thus no shift
the resonance frequency. Because the surface magnetic
is closely related to the surface current density, the meas
shift in the resonant frequency contains information ab
the current density.

To quantify the above in terms of parameters of intere
consider the following approach: A microwave powerPin is
input to a resonant structure and the powerP, either trans-
mitted through the structure or reflected back from the str
ture, is measured. The change inP caused by a light-induced
change inT is

dP5
]P

]T
dT5

]P

] f

] f

]T
dT5

]P

] f
d f , ~1!

where d f is the light-induced shift in the resonance fr
quency. The shift in the resonance frequency can be ca
lated using standard cavity perturbation theory:15

d f

f 0
5

dWe2dWm

W
, ~2!

where f 0 is the resonance frequency of the unperturb
structure,dWe is the change in total electric field energ
stored in the resonator,dWm is the change in the total mag
netic field energy stored in the resonator, andW is the total
energy stored in the resonator. In this measurement,dWe is
negligible anddWm can be expressed as16

dWm5dF 1

2m0
E B21~m0lJ!2dVG , ~3!
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where the integral is over the volume occupied by the c
rents and fields of the resonator. The second term in
integrand is the kinetic-inductance term~i.e., the kinetic en-
ergy associated with the superconducting current!. Under all
conditions, this integrand is proportional toJ2 and the pro-
portionality constant is independent of position within t
superconductor; thisl can also be associated with a ma
netic field penetration depth as long as the density of Coo
pairs is independent of position. The fields external to
superconductor are insensitive to small local changes
magnetic field penetration and thus are essentially unchan
and contribute nothing todWm . The dominant change oc
curs in the distribution of currents and fields inside t
superconductor—and specifically within the region who
temperature is being modulated.

A few simple assumptions are sufficient to simplify E
~3!. Consider a coordinate system in which the propaga
direction of the transmission line is along they axis, thez
axis is normal to the plane of the transmission line, and thx
axis is directed across the width of the transmission line. T
assumptions are as follows:~1! At the surface of the super
conducting strip onlyBx is nonzero.~2! The rate at whichBx

changes with position along the transmission line is ne
gible compared to the rate at which it changes within thex-z
plane.~3! TheBx component of the magnetic field inside th
superconducting film can be expressed as a product
function of x and a function ofz; this assumption can b
expected to break down for positions within;l of the strip
edge and is consistent with calculations.17–19 ~4! We assume
that J5(1/m0)¹3B is a valid local relation~and the dis-
placement current is negligible!. With these assumptions Eq
~3! reduces to

dWm5
m0

2
~lJ0!2g~l!Adl, ~4!

whereJ0[J(x,y,0) is the unperturbed current density at t
surface (z50) underneath the light spot,g(l) is a function
of l and the geometry of the transmission line,A is the area
illuminated, anddl is the light-induced shift inl. As a spe-
cial case, consider a film thick compared tol where the
magnetic field and the current decay exponentially into
film. In this case, the two components of the integrand in
~3! contribute equally andg(l)51. In general,g(l) is not a
constant and the kinetic-inductance term makes the la
contribution todWm . If the assumptions used to get Eq.~4!
from Eq. ~3! are not valid or if a more precise interpretatio
of dP is needed for positions withinl of the edge of the
strip, then the integral in Eq.~3! must be re-evaluated usin
a model for the field and current distributions.

Combining Eqs.~1!, ~2!, and ~4! the kinetic-inductance
photoresponse is

dP52
]P

] f
f 0

m0

2

~lJ0!2

W
g~l!Adl. ~5!

If the modulationdP is measured forf on the shoulder of the
resonance where]P/] f is largest, and the light spot is tran
lated around the film, thendP will map outJ0

2, because none
of the other parameters in Eq.~5! change with position. In
making this conclusion we assume that neitherTc nor the
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light-induced temperature risedTlocal vary significantly with
position. The assumptions made to derive Eq.~5! are valid
for most of the measurements presented in this work.

An additional assumption in the analysis above is t
the light-induced temperature rise in the film is unifor
through the thickness of the film. When the period of t
light modulation is on the order of the time that it takes
heat pulse to traverse the film thickness, this assumptio
no longer valid. Assuming diffusive transport, and usi
thermal conductivity20 and heat capacity21 measurements re
ported for YBCO, the diffusion length for one-dimension
diffusion at 90 K decreases to;0.5mm when the light
modulation frequency is increased to 40 MHz. The ligh
modulation frequencies used in the measurements repo
here (f light-chop;0.5 MHz) were much smaller, so it is rea
sonable to assume a uniform temperature rise through
thickness of the film. If measurements are performed at h
frequencies it is possible to probe the distribution of curr
on opposing surfaces of the film or through the thickness
the film. This can be done by repeating measurements
light incident on opposite sides of the superconducting fi
~given a transparent substrate! or by repeating the measure
ments as a function of the light modulation frequency.

The quadratic dependence of the photoresponsedP on
the current densityJ in Eq. ~5! is an important advantage. I
allows easy detection of changes in the spatial profile oJ
that occur on distance scales much smaller than the sp
resolution of the photoresponse measurement. Consid
light beam focused on a current peak at the edge of a su
conducting strip and assume that Eq.~5! is valid to a reason-
able approximation at this edge. Approximate this curr
peak as a rectangle of heightJ and width W where W
,1 mm is much narrower than the 6.6mm resolution of a
typical photoresponse measurement in this work. The con
bution to *J(x)2dx of the rectangular current peak to th
photoresponse isJ2W. If the current peak is reduced i
height by a factor of 2 and broadened by a factor of 2
contains the same total current, but the photorespo
changes to (J/2)2(2W)5J2W/2. BecauseJ is sharply
peaked at the edges of superconducting strips, the pho
sponse measured at these edges is dominated by the
current.

B. Measuring J using the resistive-transition
photoresponse

In this technique, the resistive loss of the supercondu
ing film is the temperature dependent property of importa
that is modulated at the frequencyf light-chop. The temperature
of the film is set within the resistive transition where th
transmitted microwave powerP changes rapidly with tem-
perature. Consider the light-induced changedP in the trans-
mitted power. If the magnitude of the temperature modu
tion dT is small, the current distribution will not be
perturbed significantly. Consider the change in the dissipa
power. Only the region inside the superconductor underne
the light spot contributes to the change in dissipation. If t
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TABLE I. Fifty V transmission-line resonator samples.

Sample
Superconductor

/substrate
Planar

technology
Device

geometry
Strip width

~mm!
Fundamental

resonance~GHz!

1 Tl2Ba2CaCu2O8 Coplanar -u Side-coupled 30 1.5
rectangular loop

~notch filter!
2 YBa2Cu3O72d Coplanar -u Side-coupled 30 1.5

/LaAlO3 rectangular loop
~notch filter!

3 YBa2Cu3O72d Microstrip hu Side-coupled 150 4
/LaAlO3 square loop

~notch filter!
4 YBa2Cu3O72d Microstrip — — — 500 6.25

/MgO End-coupled
resonator
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region has a currentI running through it and the change
the local resistance isdRD , then ~neglecting reflectance
changes!

dP52I 2dRD . ~6!

If the resistive properties of the superconducting film a
spatially uniform~or vary much more slowly with position
than does the current density!, then the measurement of th
light-induced change in the transmitted microwave pow
will map out the square of the current density as the li
spot is translated over the surface of the superconductor.
as was the case for the kinetic-inductance technique, m
surements using this technique allow us to determine
spatial profile of the current distribution on a supercondu
ing surface. This resistive-transition photoresponse te
niques shares the same advantage discussed above fo
kinetic-inductance photoresponse technique, because it
measures a quantity proportional to the square of the cur
density. A low spatial resolution dc current version of th
technique using a laser excited phonon beam to probe
superconducting current has been done by Kent
Chapman.22

III. FILMS AND DEVICES

Measurements were performed on four transmission
devices: two coplanar and two microstrip. Most of the me
surements were performed on the coplanar devices—sam
1 and 2 in Table I. Except for film material~TBCCO for
sample 1 and YBCO for sample 2! and film thickness, the
coplanar devices were identical to each other. The dev
~notch filters! were ‘‘rectangular’’ loops into which energ
was coupled from an adjacent transmission line~see Fig. 1!.
Both films were grown on LaAlO3 substrates of thicknes
0.508 mm. The 50V coplanar transmission lines had 30mm
wide center strips separated by 58mm wide gaps from the
ground planes. The 1.56 cm31.30 cm rectangular loop had
circumference of 5.72 cm and a fundamental resonance
quency of 1.5 GHz. The coupling gap between the input l
and the adjacent loop was 200mm. The ground planes wer
interconnected by gold wire bonded to gold pads.

The TBCCO film of sample 1 was grown using anex
situ technique on a 2 in. diam LaAlO3 wafer. The surface
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roughness of this film was on the order of 1000 Å. It h
platelike grains of irregular shape whose lateral sizes w
;5 mm.23 The film was 0.6560.05mm thick with a typical
microwave surface resistance of,200mV at 80 K and 10
GHz, and a lower critical magnetic fieldHc1;10 Oe~which
corresponds toJ;43105 A/cm2!. Typically, current densi-
ties of>23106 A/cm2 have been measured at 70 K on sim
lar unpatterned films.

Sample 2 was an identical coplanar transmission-l
resonator fabricated using YBCO film grown on a 2 in. diam
LaAlO3 wafer.23 The grain size of the YBCO film was sma
compared to that of the TBCCO film with a surface roug
ness of;100 Å. The film was 0.45mm thick with a typical
microwave surface resistance of,300mV at 80 K and 10
GHz, and a lower critical magnetic field ofHc1;10 Oe.
Typically, current densities of>53106 A/cm2 have been
measured at 70 K on similar unpatterned films.

Two 50 V YBCO microstrip transmission line resona
tors ~samples 3 and 4! were also fabricated and used in th
work. For the measurements performed on these devices
light intensity was modulated atf light-chop5100 kHz using a
photoelastic modulator~as opposed to the acousto-opt
modulator discussed below that was used for the copla
devices!.

FIG. 1. A schematic of the optical and electronic setup.
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The first microstrip device, sample 3, was a notch filt
It was a square loop with impedance matched mitered
ners into which energy was coupled from an adjacent tra
mission line. This device was fabricated on a 0.508 mm th
LaAlO3 substrate. The 0.2mm thick YBCO film was grown
using a pulsed laser deposition technique.24 The grain size of
this film was ;1 mm. All lines were 150mm wide. The
ground plane was a 3mm thick film of metallic Ag that was
deposited onto the opposite side of the substrate by evap
tion. The fundamental resonance frequency of the squ
loop was 4 GHz. The kinetic-inductance photoresponse m
surements shown here were conducted using a microw
frequency set to the second harmonic~8 GHz!.

The second microstrip device, sample 4, was a sim
end-coupled microstrip resonator fabricated on a 0.508
thick MgO substrate using a metalorganic chemical va
deposition technique.25 The resonator was 8.94 mm lon
coupled by 0.5 mm gaps at the ends. The width of the
crostrip line was 500mm. This resonator was designed
have its first harmonic at 6.25 GHz.

IV. EXPERIMENTAL SETUP

Figure 1 shows a schematic of the optical and electro
setup used in this experiment to study samples 1 and 2.
setup used to study samples 3 and 4 differed only in th
100 kHz photoelastic modulator was used instead of
acousto-optic modulator. The rectangular slab represen
coplanar resonator sample. Microwave source was conne
to one side of the device and the microwave powerP trans-
mitted through to the other side was measured. Light w
focused onto the sample and the change in the transm
microwave powerdP ~the photoresponse! was measured.

About 1 mW of the He–Ne laser’s 2 mW output pow
reached the sample after passing through an acousto-
modulator, a beam expander, and a focusing lens. Du
each cycle of modulation, the light power reaching t
sample oscillated between zero and 1 mW. For most m
surements of the coplanar devices,f light-chop was between 0.3
and 0.5 MHz.

For kinetic-inductance photoresponse measurements
light was focused onto part of the resonator. For meas
ments done at a fixed microwave frequency,dP was maxi-
mized by setting the microwave frequency at an inflect
point of the resonanceP( f ). The magnitude of the light-
induced modulationd f of the resonance frequency was a
ways small compared to the width of the resonance.
f light-chop50.52 MHz, the resonance shift for the YBC
sample wasd f 5dP/(]P/] f )517 Hz at 55 K, andd f
51 kHz at 80 K~80 K was;2 K below the lowT side of
the resistive transition!.

For resistive-transition measurements, the light was
cused not on the loop, but on the input transmission line,
the microwave frequency was chosen to be far from a
resonance.

The microwave electronics detection system was as
lows. A variable attenuator was used to limit the microwa
power delivered to the mixer. The signal was mixed down
an intermediate frequency of 100 MHz, amplified, and d
.
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tected. Both the dc and light-modulation components of
signal were recorded. The component of the signal synch
nous with the reference signal from the acousto-op
modulator—the photoresponse—was extracted using a h
frequency lock-in amplifier.

The ultimate spatial resolution that can be achieved
ing this technique is equal to the minimum spot size to wh
the probing light can be focused. This resolution can be
alized only if the light intensity is modulated fast enough
the ‘‘hot spot’’ is not significantly broadened by therm
diffusion during one cycle of the light modulation. Optim
focusing occurs for well-collimated light beams when t
radial intensity distribution is Gaussian.26 The minimum
beam radiusr e that can be achieved for light of waveleng
lopt being focused down in a cone of half-angleu is deter-
mined by tan(u)5(lopt/n)/(pr e), wheren is the index of
refraction of the medium in which the minimum focus
occurring, andu is measured from cone center out to whe
the electric field of the incident light beam drops by 1/e. For
the experiments reported herelopt50.6328mm, n51, and
tan(u)50.055, sor e53.7mm. Generally, the photorespons
depended linearly on the light energy absorbed and thus
dratically on the electric field, so 3.7mm is the 1/e2 point for
the power; that the signal depends on light power rather t
field improves our spatial resolution by a factor of 221/2. The
optimum spatial resolution for our experimental geome
corresponds to a full width at half maximum
~FWHM!54.4mm for the photoresponse measurements.

A typical spatial resolution determined from the phot
response measurements shown below is FWHM56.6mm.
This FWHM is 50% larger than that expected for a bea
limited by Gaussian optics. We attribute the nonoptimal s
size to vibrations of the apparatus.

V. BASIC MEASUREMENTS—VALIDITY CHECK

One goal of this work is to study the effect that increa
ing microwave power has on the distribution of current on
superconducting strip~Sec. VI!. It is therefore important to
explore how other experimental parameters affect the ph
response measurements so that we can correctly identify
behaviors that are caused by the increase of microw
power. It is also important to determine to what degree
act of making a measurement alters the system being m
sured. Finally, it is important to understand the nature of
changes in the photoresponse that we expect to observ
parameters such as temperature are changed. The rema
of this section deals with these issues.

After discussing the basic kinetic-inductance photo
sponse measurements and noting the existence of enha
photoresponse signals from intergranular regions, we pre
photoresponse data measured for different temperatures
light powers. We present observations nearTc that show that
high light power alters the shape of both kinetic-inductan
and resistive-transitiondP(x) for both YBCO and TBCCO.
Finally, the local light-induced temperature rise is calcula
from both resistive-transition and kinetic-inductance pho
response measurements. These calculations provide an
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mate of the degree to which the act of measurement is
turbing the system being measured.

A. YBCO photoresponse

Several of the first measurements on the coplanar YB
resonator~sample 2! are shown in Fig. 2 for 70 K. Two
fundamental resonances are seen in Fig. 2~a!. The standing
wave patterns corresponding to these two resonances
orthogonal—where one resonance has current peaks a
the strip, the other has current zeros. The degeneracy o
resonances has been removed by the effect the diffe
mode field patterns have on the group velocity along
coupling leg of the loop. The standing wave having t
higher current density at the power input side of the lo
corresponds to the higher frequency resonance.

The photoresponsedP( f ) in Fig. 2~a! looks like a de-
rivative of the resonances in theP( f ) curve—as expected
from Eq. ~1!. The photoresponse is much larger for t
higher frequency resonance. This means that the positio
the light spot along the strip is close to a peak in the stand
wave for the higher-frequency resonance. All data w
taken at the first harmonic of the loop; at this resonant

FIG. 2. Coplanar YBCO notch filter~sample 2!. These measurements we
performed at 70 K using a modest incident microwave power ofPin

525 dBm. ~a! Transmitted microwave powerP and light-induced modu-
lation of the transmitted powerdP plotted as a function of the microwav
frequency. Two resonances are seen. Note thatdP}]P/] f . ~b! The dots are
a measurement ofdP(x) across the transmission line from one ground pla
to the opposite ground plane. The three solid lines are theoreticaldP deter-
mined from numerical calculations of the current distribution in a homo
neous dielectric media version of this coplanar structure~courtesy of
Howard Snortland!. Plotted from top to bottom are the surface currents
l5d, d/2, andd/3, whered50.45mm is the thickness of the superconduc
ing film.
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quency, there are two cycles ofJ2 or 720° around the loop
All other measurements shown here for the YBCO sampl
were taken with the light spot moved closer to the peak
the standing wave. We estimate that no data were taken
ther away than 3/4 mm or 10° away from the peak, and m
were within 1/4 mm or 3.3°. For the TBCCO data discuss
in the next section, all measurements were acquired so c
to the peak as to be indistinguishable from the peak.

The photoresponsedP(x) measured while translating
the light spot across the coplanar transmission line fr
ground plane to ground plane is shown in Fig. 2~b!. To help
associate the photoresponse features with the physical
tures of the transmission line, a schematic showing the lo
tion of the superconducting film is included below the ph
toresponse. The photoresponse has peaks near e
superconducting film edge. From Eq.~5!, the photoresponse
is expected to be proportional to the square of the curr
density, suitably broadened by the finite spatial resolution
the measurement~resolution FWHM'6.6mm!. The mag-
netic fields in the transmission line around the 30mm wide
center strip are largest near the strip edges. The currents
are established within the superconducting film to scre
these fields should be largest at edges of the strip; this
pectation is satisfied by the photoresponse.

The three solid lines shown in Fig. 2~b! are the result of
calculations17–19 of the current density across the coplan
transmission line. In these calculations the dielectric medi
was assumed to be homogeneous; for the devices stu
here, the dielectric medium is inhomogeneous. Calculati
were performed for penetration depths ofl5d/3, d/2, andd,
whered50.45mm was the film thickness. Low microwav
power conditions were assumed. The calculatedJ(x) were
squared, convolved with a Gaussian characteristic of the
tial resolution of the measurement, and scaled to have
same amplitude as the measurement. Note the exce
agreement between the measureddP(x) and thedP(x) in-
ferred from the calculation in whichl5d was assumed; a
penetration depth ofl50.45mm at 70 K is not unreasonabl
for an epitaxial YBCO film whoseTc;84.5 K. The calcula-
tions using the two smallerl’s yielded almost identical cur-
rent distributions that are more peaked at the edges. In
three calculations, the relative magnitudes of the curr
peaks on the strip relative to those on the ground planes w
in excellent agreement with the measureddP(x).

When light is focused onto one of the gaps in the sup
conducting film, a small photoresponse is seen. This ph
response exists because some of the light that enters the
strate reflects off its back surface and gets absorbed at
underside of the superconducting film@see Fig. 3~a!#. The
light beam~having reached its focal point at the plane of t
superconductor! diverges as it travels into the transpare
LaAlO3 substrate. The beam reflected back to the under
of the film beam has a FWHM;26mm. We observed tha
when the light beam was tilted away from normal inciden
to increase the light undershoot at one side of the 30mm
wide strip, the light undershoot at the other side of the s
was correspondingly reduced. This behavior is illustrated
Fig. 3~b! using the 150mm wide YBCO microstrip sample
~sample 3!. This effect was smaller for the coplanar tran
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mission lines compared to the microstrip transmission lin
our microstrip transmission lines have reflective meta
films deposited on the backside of the substrate so a la
fraction of the light entering the substrate was reflected b
to the plane of the superconducting film.

When kinetic-inductance photoresponse measurem
were performed in which the light spot was translated acr
the power input segment of coplanar line, no photorespo
was seen—except for a small resonant current on the edg
the ground plane closest to the rectangular loop.

B. TBCCO photoresponse

The resistive transition of the coplanar TBCCO dev
~sample 1! is shown in the inset in Fig. 4. Arrows indicat
the temperatures at which first harmonic resonances sh
in Fig. 4 were measured. Just as for YBCO sample 2, th
are two nearly degenerate resonances that correspond t
first harmonic of the loop. AsT→Tc , the resonances de
graded dramatically, but because the temperature de

FIG. 3. Effect of the diverging light beam back reflecting to underside of
superconducting strip.~a! Schematic of the edge of a superconducting fi
deposited on a dielectric slab with light ray incident at angleu. ~b! Photo-
responsedP measured across a 150mm wide YBCO microstrip line
~sample 3! for six different angles of incidence of the probing light bea
Note the shoulders ondP that are seen under conditions where the und
shoot of light is expected.
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dence of the magnetic field penetration depthl increases
rapidly, a measurable kinetic-inductance photoresponse
observable at temperatures up to 98 K.

Figure 5~a! shows the transmitted microwave powerP
and the photoresponsedP that were measured as the micr
wave frequency was scanned through the first harmonic
the resonant loop at 90 K. Note that a nonzerodP was ob-
served only for the lower of the two resonances. In this m
surement the light spot was positioned along the strip a
peak in the current standing wave of the lower frequen
resonance and thus at a zero in the current standing wav
the upper frequency resonance. The standing wave patt
for these two resonances are orthogonal. Measuremen
portions of these standing waves are shown in Fig. 6~a! with
a schematic of the resonator. The solid-linedP data shown
slightly above two legs of the loop were measured wh
scanning the light spot along the strip with the microwa
frequency set on the shoulder of the lower resonance. M
surements performed with the microwave frequency set
the shoulder of the upper resonance are plotted as do
lines. The orthogonality of these standing wave modes
apparent.

ThedP measurements in Fig. 6~a! clearly show a stand-
ing wave pattern, but there is nothing in this data that pro
that the signal measured is proportional to the square of

e

-

FIG. 4. TBCCO notch filter~sample 1!. First harmonic resonances vs tem
perature. Inset shows the transmitted microwave powerP measured as the
temperature passed through the resistive transition. Arrows show the
peratures where the resonances were measured. Kinetic-inductance ph
sponse was measurable at all of these temperatures. The incident micro
power was28 dBm.
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FIG. 5. Measured photoresponsedP of the coplanar TBCCO sample 1
The light power incident on the sample was 1 mW for all data in t
figure except for~c! where 0.4 mW was used.~a! Transmitted microwave
powerP and the photoresponsedP measured at 90 K plotted as a functio
of microwave frequencyf . Two slightly nondegenerate fundament
resonance modes exist. The predicteddP}]P/] f character is clearly
evident. A photoresponse is seen only for the lower frequency m
because the light spot was moved along the coplanar transmission line
the photoresponse from the low frequency mode reached maximum
consequently the photoresponse from the high-frequency mode be
zero. The multipledP(x) traces displayed in parts~b! through ~f! were
measured with scan paths spaced apart by several microns along the
~b! 92 K, ~c! 94 K, ~d! 95 K, ~e! 95 K @at different position than~d!#, and~f!
75 K.
current as opposed to the square of the voltage. The pos
existence of another photoresponse mechanism, one as
ated with the voltage standing wave, must be considered
experimentally address whether the modal structure see
the photoresponse is associated with current or volt
standing waves, we performed measurements on a micro
device patterned as an end-coupled resonator~sample 4!—a
geometry for which no ambiguity exists. See Fig. 6~b! for
both the photoresponse data and a top view of the e
coupled microstrip transmission line geometry. For this s
tem, only one first harmonic resonance exists and the cur

e,
ntil
nd
me

trip:

FIG. 6. Measured current standing waves.~a! Schematic of the TBCCO
coplanar resonator~sample 1! with the measured photoresponsedP plotted
above the sides of the loop along which they were measured. The light b
was defocused to a diameter of 120mm and translated along the strip. Th
dP ~plotted as a solid lines and dotted lines! were measured with the mi-
crowave frequency on the shoulder of the low and high frequency re
nances, respectively. The two fundamental resonances, measured at
are plotted inside the resonator loop. Deviations from an ideal measure
occurred when the laser beam scan path was not centered on and abso
parallel to the 15.6 mm long leg. At the ends of thedP(x) measurements
where sharp peaks were observed, the laser beam path was off the cen
the 30mm wide strip toward the inside of the loop; the sharp peaks w
measured as the laser beam passed over the 45° corner parts of the loo~b!
dP(x) measured along an end-coupled YBCO microstrip resonator~sample
4!. Beneath thedP(x) measurement is a top view of the resonator. Only o
first-harmonic resonator exists for this device. ThisdP(x) measurement
proves thatdP is a measure of the current~as opposed to voltage! standing
wave.
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for its standing wave must be zero at the gaps and at m
mum in the middle of the strip between the two gaps. T
voltage in the standing wave has maxima at the gaps a
minimum in the middle. The data clearly indicate that t
photoresponse is proportional to the square of the curr
not the voltage. The solid line through the data is a fit
cos2(kx1f)—consistent withdP being proportional toJ2.

The measurements ofdP(x) across the TBCCO copla
nar transmission line@see Figs. 5~b!–5~f!# show large varia-
tions in shape along the transmission line; this is in disti
contrast to the YBCO samples which showed negligi
variations. Where multiple curves are plotted together
Figs. 5~b!–5~f!, the light spot paths used to acquire t
curves were translated several microns along the strip f
each other. For all of the scans shown in Fig. 5 the light s
was positioned along the strip at a point corresponding to
peak in the standing wave for the lower frequency resona
and a zero in the standing wave for the upper freque
resonance. All of thedP(x) data for TBCCO discussed be
low in this article were measured with the light spot po
tioned so that there was no measurable photoresponse c
sponding to the upper resonance.

A peak near the middle of the strip is clearly visible
the 92 K measurements of the photoresponsedP(x) that are
shown in Fig. 5~b!. These data are strikingly different from
the measurements made on YBCO sample 2; no peaks indP
between the edge-peaks were ever seen for YBCO samp
The small centraldP peak occurs at slightly different pos
tions in each measurement and the width of the central p
is limited by the spatial resolution of the measurem
(FWHM;6.6mm). Compared to YBCO sample 2, the edg
peaks for this set of data fell more rapidly as the light s
was scanned from the edge toward the center of the strip;
behavior became even more pronounced at higher temp
tures@see Fig. 5~e!#.

For distance scales on the order of several microns a
the strip, the variation in the height of the edge-peaks in
TBCCO sample 1 was much larger than for YBCO. Figu
5~c! shows measurements ofdP(x) made at 94 K. This re-
gion of the strip had the largest spatial variation indP that
we observed. Keeping temperature constant, measurem
at this location for different light-modulation frequencies a
light powers did not effect the variation in the height of t
edge-peaks.

Substantial photoresponse peaks not located at the
edges became more prevalent as the temperature appro
Tc . The measurements ofdP(x) at 95 K shown in Figs. 5~d!
and 5~e! for two regions along the transmission line illustra
typical behavior. A substantial peak indP is seen between
the two edge-peaks in Fig. 5~d!. Figure 5~e! shows similar
measurements ofdP(x) made at 95 K for a nearby part o
the strip; the sharper edge-peaks and the flatterdP between
the peaks were typical for regions containing nodP peaks
between the edge-peaks.

At lower temperatures, variations at the strip edges w
still observed, but no additional peaks were ever seen
tween the two edge-peaks. The thirteendP(x) curves mea-
sured at 75 K that are shown in Fig. 5~f! illustrate the typical
behavior. The smoother shape of thedP(x) curve between
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the two peaks is more reminiscent of the measurements
YBCO.

The distance scale over which the spatial variations
dP occurred in the TBCCO sample 1 was on the order o
mm. This value coincides with the grain size in TBCC
films as observed from scanning electron micrographs.
grain size of the YBCO film was, by contrast, much small
We associate the spatial variations ofdP in TBCCO with the
grain morphology of the film. The magnitudes of thedP
fluctuations were observed to increase asT→Tc . Peaks in
dP between the edge-peaks were observed only forT
>;90 K. The increased sharpness of the edgedP and the
flatness of the centraldP region were observed to lessen
T was lowered.

In the rest of this article, when it is desired to study t
intrinsic current distribution as opposed to theextrinsic
~grain boundary associated! current distribution, average
will be made of manydP(x) measured at slightly differen
positions along the strip; this has been done to average
the contributions of the intergrain regions.

C. Effects of temperature and light power

Before proceeding further, it is instructive to careful
consider what we should expect to observe and what
should not expect to observe in photoresponse meas
ments. These comments provide a framework from which
consider the changes that are observed as temperature
light power are varied. They are also pertinent to the study
the effects of high microwave power.

Under conditions where no critical currents or fields a
exceeded and where the currents are well described as
face currents~J,Jc , H,Hc1 and film thicknessl!d!, the
distribution of the magnetic fields and currents across
strip are determined by the geometry of the transmission
~i.e., the width of the strip, the thickness of the substrate,
dielectric constant of the substrate, etc.!. If changes inJ ~and
thusH! or l are made such that the above conditions are
satisfied, then the shapes of the transverse field and cu
distributions across the width of the superconducting s
will remain unchanged—except within;l of the edge. The
distribution of current through the thickness of the strip
determined by the thickness of the film and the magne
field penetration depthl. Except within;l of the edges of
the strip, the shape of the current distribution through
depth of the strip is the same everywhere across the widt
the strip. If the temperature is changed, thenl changes, and
the shape of the current distribution through the thickness
the film changes everywhere uniformly—except within;l
of the edges. Experimentally, this means that the shape o
photoresponse measured across the strip will not chang
except within;l of the edges. Consider the effect that
change inl has on the magnitude of the photorespon
@dP}(lJ0)2g(l)dl, see Eq.~5!#. In the limit of current
flowing on a thick superconductor,g(l)51, and the current
density~integrated through the thickness! flowing along su-
perconductor is simplylJ0 per unit width. The change in the
magnitude ofdP with temperature that occurs under the
circumstances occurs not through the dependence onl, but
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rather on the increase indl that occurs for the same temper
ture risedT.

When a critical current or field is exceeded, or when
current is not well described as a surface current, then
transverse field and current distributions will change.

If l;d, then the magnetic field penetrates through
superconducting strip sufficiently to change the field geo
etry of the transmission line and thus the current distributi
Theoretical calculations17 @solid lines in Fig. 2~b!# and ex-
perimental measurements~Fig. 7! show that asl increases,
the shape ofdP(x) becomes flatter and less peaked at
strip edges. In the theoretical calculations17 of dP(x) shown
in Fig. 2~b! only a small flattening of the current distributio
was calculated to occur asl increased fromd/3 to d/2. How-
ever, whenl was increased tol5d a substantial flattening
was calculated. This behavior is seen experimentally in F
7 which showsdP(x) data measured for three temperatu
nearTc . We attribute the measured change in the shap
dP(x) with temperature to the increasing magnetic field p
etration that occurs asT→Tc ; the observed increasing ra
of this change in shape is consistent with the behavior
pected for field penetration asT→Tc .

The effects of the conditionsJ;Jc andH;Hc1 will be
realized first at the edges of the strip where the currents
fields are largest. Recall from the discussion above, that
cause the photoresponse is proportional toJ2 ~and notJ!,
these photoresponse measurements can reveal changes
current distribution at the edges of the strip that occur o
distance scales much shorter than the spatial resolution o
measurements.

1. YBCO kinetic-inductance photoresponse versus
temperature and light power

Figure 8~a! shows the affect ondP(x) of changing the
temperature of the coplanar YBCO sample 2. The beha
is substantially different from that observed in Fig. 7~sample

FIG. 7. Flattening, asT→Tc , of the photoresponsedP(x) for a thin ~2000
Å thick! YBCO microstrip transmission line~sample 3!. dP measured
across 150mm wide microstrip transmission line for the temperatures:
82, and 84.5 K~the middle of the resistive transition was;86.5 K!. The
intensity of the light source was modulated at 100 kHz. The solid lines
fits included to help guide the eye. To emphasize the change in shape,
curves were stretched to have the same peak height as the 84.5 K me
ment.
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3! where the YBCO film was much wider and less than h
as thick. To emphasize changes in shape, the curves in F
were scaled to have the same magnitude at the center o
strip. As T→Tc , the measureddP(x) curves become nar
rower and thedP peaks also become narrower. This narro
ing becomes more rapid asT→Tc . As T is lowered the
curves approach a low-T limit shape. The same degree o
narrowing of thedP(x) curves with increasingT is visible in
Fig. 7, but is less obvious due to the much greater width
the microstrip. At first glance, this behavior suggests t
changing the temperature alters the spatial distribution of
current. Care must be taken that the observed change is
due to the microwave power producing currents and fie
that exceed critical values as the temperature rises. Care
also be taken that the magnitude of the local light-induc
temperature rise is sufficiently small compared to the diff
ence between the sample temperature and the critical
perature.

Several experiments were performed to address th
concerns. Measurements ofdP(x) at temperatures nearTc

for lower incident microwave powers showed no measura
change in the shape ofdP(x) so we conclude that curren
densities and fields exceeding critical values are not a c
cern in these measurements. A substantial effect on the s
of dP(x) was seen when the light power was reduced@see
Fig. 8~b!#. At 79 K when the light power was reduced by
factor of 2,dP(x) resembled a curve measured at lowerT.
A further reduction in light power resulted in little furthe
change indP(x). We observed that the closerT approached

,
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FIG. 8. Narrowing of photoresponsedP(x) for coplanar YBCO sample 2
with increasing light power~a! dP(x) measured for the temperatures 75, 7
79, 80, and 81 K and scaled to have the same center amplitude. Peak
dent light power 1 mW. Incident microwave powerPin525 dBm. As T
→Tc the width of the measureddP(x) curves decreases.~b! dP(x) mea-
sured at 79 K for the light powers 1, 1/2, and 1/3 mW using an incid
microwave powerPin528 dBm and scaled to have the same peak am
tude.
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Tc the more the light power had to be reduced fordP(x) to
reach its low light power limit shape.

These observations clearly show that for temperatu
approachingTc , the light power must be reduced to avo
the act of measurement significantly altering the system
ing measured. If thedP(x) measurements in Fig. 8~a! were
measured in the low power limit, then a larger range of pe
to-valley ratios would be seen~as in Fig. 7!. All of the mea-
surements ofdP(x) discussed below for YBCO, excep
where explicitly mentioned, were performed using a lig
power low enough so that the act of measurement did
significantly alter the system being measured.

2. TBCCO kinetic-inductance photoresponse versus
temperature and light power

A similar effect ondP(x) with changing the temperatur
is shown for the coplanar TBCCO sample~sample 1! in Fig.
9~a!. Note that the curves in Fig. 9~a! were scaled to have th
same magnitude at the left edge-peak. Each curve is the
erage of a dozen spatial scans~each scan being performed
a slightly different position along the strip spaced apart
several microns!; this was done to remove the photorespon
contributions believed to be associated with intergranular
gions. It is clear from Fig. 9~a! that this averaging has bee
only moderately successful. Nevertheless, the same dec
in the width of thedP(x) distribution with increasingT that
was seen for YBCO is also seen for TBCCO.

FIG. 9. Narrowing of photoresponsedP(x) for coplanar TBCCO sample 1
with increasing light power.~a! dP(x) measured for the temperatures 8
85, 90, 92, 95, 96, and 97 K, and scaled to have the same magnitude fo
left-hand edge-peak. Peak incident light power 1 mW. Incident microw
powerPin528 dBm. AsT→Tc , the width of the measureddP(x) curves
decreases.~b! Full width at half maximum of thedP(x) measurements
plotted as a function of temperature for the light powers 1, 0.5, and 0.4
using an incident microwave powerPin528 dBm. Because the left and
right peaks differed in height, the half-maximum position for each side
the strip was determined using the magnitude of that side’s edge-peak
s
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Figure 9~b! is a plot of the widths~FWHMs! of the
dP(x) curves as a function ofT measured for the same ligh
power used in Fig. 9~a! and two lower powers. The behavio
of the photoresponse with light power for TBCCO is simil
to that of YBCO with the added feature of pathologica
sensitive local positions such as that observed in Fig. 5~c!.
The FWHM of adP(x) curve should approximately equa
the width of the strip~30 mm! plus an amount somewhat les
than ~due to the edge-peak asymmetry! the FWHM of the
spatial resolution function (;6.6mm).

Just as for YBCO, these observations clearly show t
for temperatures nearTc , the light power must be reduced t
avoid the act of measurement significantly altering the s
tem being measured. All measurements ofdP(x) shown be-
low for TBCCO, except where explicitly mentioned, we
performed using light powers low enough so that the act
measurement did not alter the system being measured.

The behavior of the photoresponse with light power th
was noted above for YBCO is not specific to YBCO—it
observed for TBCCO as well. Any explanation put forwa
to explain one should explain the other.

3. YBCO resistive-transition photoresponse versus
temperature and light power

In this section we consider resistive-bolometric photo
sponse measurements~see Sec. II B! that were performed
with the temperature in the resistive transition. Two YBC
samples were used—differing in film thickness and wid
Recall that for the resistive-transition photoresponse we
pectdP52I 2dRD @Eq. ~6!# whereI is the current in the film
underneath the light spot. For these measurements the m
wave frequency was set far from any resonance and the
was scanned not across a part of the loop, but rather ac
the input transmission line.

Figure 10~a! shows a measurement of the transmitt
microwave powerP(T) as well as measurements ofdP(x)
that were performed at three different temperatures span
the resistive transition. ThedP(x) measurements shown i
the inset at the lower left are scaled to have the same m
nitude atx50; this was done to emphasize the observ
changes in the shape ofdP(x). As the temperature in-
creased, the measureddP edge-peaks became less prom
nent; thedP(x) distribution became flatter until, at the high
est T, no edge-peaks were detected within the spa
resolution of our measurement. This behavior is consis
with the type of current redistribution expected with the i
creasing penetration of magnetic fields~see Fig. 7!. The ex-
istence and qualitative behavior of the edge-peaks is
dence that the analysis in Sec. II B correctly relates
resistive-transition photoresponse to the current. This d
suggests that a dramatic change in the shape of the sp
distribution of the current in the strip occurs as the tempe
ture passes through the resistive transition.

For the kinetic-inductance photoresponse measureme
it was observed that this light power was sufficient to sign
cantly perturb the system being measured. One observa
that raises concern is that at all three temperatures, the w
of dP(x) is significantly smaller than the physical width o
the superconducting strip. The effect of reducing the lig
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power on the measureddP(x) is shown in Fig. 10~b!. The
solid and dashed curves are resistive-transitiondP(x) mea-
surements performed at 82.5 K using the light powers 1
1/2 mW, respectively. This reduction of the light power by
factor of 2 increased the width ofdP(x) by 4 mm. This is the
same qualitative behavior that was observed asT→Tc for
the kinetic-inductance photoresponse measurements.
two very different current-measuring photoresponse te
niques yield the same behavior suggests that the current
tribution is altered when probed using too much light pow
To measure an unperturbed current distribution nearTc , the
light power must be reduced until the shape of the curr
distribution no longer changes. Also plotted in Fig. 10~b!, for
purposes of comparison, is a kinetic-inductancedP(x) mea-

FIG. 10. ~a! The resistive transition of the coplanar YBCO sample 2 and
resistive-transition bolometric photoresponsedP(x) measured at tempera
tures within the resistive transition. The incident light power was 1 mW a
the incident microwave power wasPin528 dBm. The microwave fre-
quency was 1.75 GHz—far enough from any resonance frequency o
loop to make the presence of the loop inconsequential. A measurabledP(x)
was observed when the light spot was scanned across the power input
mission line; nodP was observed on the loop. Photoresponse measurem
performed at 82.5, 83, and 83.6 K are plotted both in the inset at lower
and above the temperatures at which they were measured.~b! Resistive-
bolometric photoresponsedPresistive, measured at 82.5 K for light powers o
1 and 1/2 mW. Also shown for comparison is the kinetic-inductance ph
responsedPkinetic-inductancemeasured at 82 K using a light power of 1 mW
All curves have been scaled to have approximately the same magni
(1 mWdPresistive)31, (1/2 mWdPresistive)31.7, and (1 mWdPkinetic-inductance)
323.5. The microwave powerPin528 dBm was used for all measure
ments.
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sured at a slightly lower temperature~82 K! using a light
power of 1 mW.

In contrast to the resistive-transition measureme
shown in Fig. 10, the resistive-transitiondP(x) measure-
ments in Figs. 11 and 12 were taken using the thinner~2000
Å thick! YBCO film ~sample 3! used in Figs. 3 and 7. Mea
surements of the kinetic-inductance photoresponse for
sample showdP(x) flattening out asT→Tc ~see Fig. 7!. The
two-dimensional resistive-transitiondP(x,y) measurement
in Fig. 11 was taken at 87 K in the middle of the resisti
transition and shows a photoresponse that, barring su
edge peaks, is approximately flat across the width of
microstrip. ThesedP(x) curves were measured at 10mm
intervals along the microstrip covering a total length of 0.
mm and are offset vertically in the figure such that micr
wave power flows from the top curve toward the botto
curve. The irregularities observed along the microstrip
believed associated with local imperfections that were sm
enough to not affect the kinetic-inductance photorespo
measurements on this sample.

The data shown in Fig. 12 were measured at a posi
along the microstrip line corresponding to the top curve
Fig. 11—a position with no prominent film imperfection
The photoresponse was measured at seven temperatu
covering the full width of the resistive transition. ThedP(x)
curves are shown scaled to have the same amplitude
offset to illustrate the progression of shape changes. In
thin sample at these temperatures, the magnetic field pen
tion depth is much larger than the thickness of the film. T
explains the much more subtle current peaks that are
served in Fig. 12 compared to Fig. 10.

D. The degree of perturbation: Estimates of local
light-induced temperature rise

For any new measurement technique, it is important
establish the range of conditions for which the measurem
is valid. With this motivation, in the following two sections
we estimate the magnitude of the local temperature mod
tion dTlocal that is created by the absorption of a focused
mW light beam whose intensity is modulated
f light-chop;1/2 MHz.

Before addressing the absolute magnitude ofdTlocal we
must first consider a separate issue of equal importa
Does the magnitude of the light induced temperature
dTlocal depend on the location of the light spot relative to t
edge of the superconducting strip? This concern arises,
cause heat diffuses laterally as well as into the substrate;
the center of a superconducting strip, heat can diffuse la
ally in all directions within the plane of the superconducto
near the edge of the strip, it cannot. This suggests that
magnitude of the temperature modulation is larger when
light spot is within a diffusion length of the strip’s edges. T
address this concern we measureddP(x) for different
f light-chop. For YBCO at temperatures below where ligh
power effects on the shape ofdP(x) were appreciable, the
spatial resolution of thedP(x) measurements increased wi
increasingf light-chopuntil f light-chop;1/3 MHz. Above this fre-
quency the spatial resolution of thedP(x) measurements did
not measurably improve and it is presumed that the ther
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diffusion length became small compared to the size of
light spot so that only a small part of the illuminated mater
was affected by the presence of the edge. That a stable
f light-chop limit shape for dP(x) was measured means th

FIG. 11. Two-dimensional resistive-transition photoresponsedP(x,y) mea-
surement on a 2000 Å thick YBCO microstrip transmission line~sample 3!.
Between eachdP(x) measurement across the 150mm wide strip the light
scan path was translated 10mm in the y direction along the transmission
line. The total distance between the top trace and the bottom trace c
sponds to a distance of 0.29 mm along the transmission line. All meas
ments were performed at 87 K~in the middle of the resistive transition!. A
microwave frequency of 3.4 GHz was used—far from any resonance o
structure. The incident microwave power was222 dBm.
e
l
igh

either ~1! there is negligible contribution from the regio
having an enhanceddTlocal because that enhancement occu
in only a small fractional volume of the entire illuminate
region ~even though the largest contributions todP come
from the edge! or ~2! there is no significant enhanceddTlocal

~This could happen because the thermal diffusion length
the substrate is at least an order of magnitude larger than
of the film and heat reaching the film/substrate interface g
efficiently conducted away into the substrate!. Either way,
we conclude that it is valid to speak of a light-induced te
perature rise—independent of the position of the light s
relative to the strip edge.

Clear evidence that the light induced temperature r
dTlocal changes with the distance of the light spot from t
edge of the film comes from observations of the phase la
dP behind the light source. Changes in phase lag are cau
by changes in the thermal time constant for heat transport
of the film. Changes in the thermal time constant result
changes indTlocal. The phase lags of both kinetic-inductan

re-
e-

e

FIG. 12. Resistive-transition photoresponsedP(x) measurements made o
a 150mm wide microstrip transmission line patterned from a 2000 Å thi
film of YBCO ~sample 3!. This figure shows sevendP(x) curves, measured
for various temperatures covering the full width of the resistive transiti
To emphasize shape changes thedP(x) curves have been scaled to have t
same amplitude as the largest curve~87 K!. The curves have been offse
vertically to illustrate the progression of shape changes. In this thin sam
at these temperatures, the magnetic field penetration depth is much l
than the thickness of the film.
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and resistive-transition photoresponses varied symmetric
about the strip center—with most of the change occurr
near the strip edges. From our phase lag observations a
simple heat transport model, we estimate that variation
dTlocal across the strip is negligible.

1. dT from resistive-transition photoresponse

The light-induced temperature risedTlocal of the illumi-
nated part of the transmission line can be determined f
measurements ofdP and P made while scanning the tem
perature through the resistive transition. The relation t
connectsdP to a temperature risedT of thewholetransmis-
sion line is dP5]P/]TdT. If only a fraction 1/N of the
length of the strip is illuminated and heated up bydTlocal,
then the light-induced change in transmitted microwa
power dP is a factor of 1/N smaller.27 If only part of the
strip’s width is illuminated, thendP will be smaller by the
fraction of @*J2(x)dx#under-light-spot/@*J2(x)dx#across-strip@see
Eq. ~6!#. For the YBCO coplanar sample 2, the local te
perature increase was calculated to bedTlocal;1 K for a 1
mW light beam modulated at;0.4 MHz and focused to a
FWHM;6.6mm spot. To accurately characterize the curre
distribution within the resistive transition it is necessary
reduce the light power untildTlocal small compared to the
several degree width of the superconducting transition.
local temperature rise calculated for TBCCO was not sign
cantly different.

2. dT from kinetic-inductance photoresponse

A kinetic-inductance photoresponse is acquired by s
ting the microwave frequency to be on the shoulder o
resonance and measuring the change in the transmitted
crowave power that occurs as the absorption of light sh
the frequency of the resonance. The magnitude of this p
toresponse@from Eq. ~1!# is dP5(]P/] f )d f , whered f is
the light-induced shift in the resonant frequency. Ifd f oc-
curred because the temperature of the entire resonant s
ture was increased bydT, then we would haved f
5(] f /]T)dT, where] f /]T was determined from the mea
surement off (T), the resonance frequency as a function
temperature. To determine thelocal temperature risedTlocal

caused by focusing a light beam onto the supercondu
some additional considerations are necessary.

To determine the effect of a local temperature rise, c
sider that if the temperature of the entire structure is rai
by dT, the contribution that each part of the structure ma
to d f is proportional to the local value ofJ2 @see Eq.~5!#.
For equal temperature rises, the frequency shiftd f local due to
local heating is thus related to the frequency shiftd f due to
global heating by

d f local

d f
5

@*J~x8,y8,z8!2dx8dy8dz8# light-spot

@*J~x8,y8,z8!2dx8dy8dz8#everywhere
, ~7!

where the integral in the denominator is over the entire
perconductor volume of the resonant structure including
current in the ground planes.

To get the same shift of the resonance frequency fr
heating a local spot that occurs from heating the whole st
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ture, the local temperature risedTlocal must be larger thandT
by a factor given bydTlocal/dT5d f /d f local. The local tem-
perature risedTlocal can be determined using this relatio
ship, Eqs.~1! and ~7!, and the measurements ofdP( f ),
P( f ), and f (T).

For the YBCO coplanar transmission line sample 2 st
ied here illuminated by a 1 mW light beam modulated a
;0.4 MHz and having a FWHM;6.6mm, the temperature
rise is estimated to bedTlocal51.460.2 K at 81 K. No sys-
tematic variation indTlocal was observed forT between 74 K
and 81 K. The temperature rise calculated for TBCCO w
not significantly different.

There is good agreement between the local tempera
rise calculated using the resistive-transition photorespo
and the local temperature rise calculated using the kine
inductance photoresponse. ForT well below Tc where a lo-
cal temperature riseDTlocal;1 K results inDl/l!1 the act
of measurement should not significantly alter the system
ing measured. AsT→Tc this sameDTlocal can result in a
significant change inDl/l and care must be exercised in th
interpretation ofdP.

VI. HIGH MICROWAVE POWER BEHAVIOR

In this section we examine the effect that high micr
wave currents and their associated fields have on the sp
distribution of current in high-temperature superconduct
films. As the current is increased, deviations in the shape
the current distribution are expected to occur first at
edges of the superconducting strip where the current de
ties and their associated fields are largest. All measurem
were performed at temperatures and light powers l
enough so that the probing light spot did not significan
perturb the system being measured.

High microwave powers were achieved not by using
high power source, but rather by performing measureme
on resonant structures driven by a more modest microw
source. The power amplification inside the resonant struc
was calculated using a simple lumped element model.
microwave power at the peak of the standing wave in
resonant loopPpeakcan be expressed in terms of the incide
power Pin , and the position, depth, and width of the res
nance. The peak microwave powerPpeak was calculated at
the frequency on the shoulder of the resonance where
transmitted microwave power changes most rapidly w
frequency—the inflection point. This choice of microwav
frequency corresponds to the conditions for which t
kinetic-inductance photoresponse measurements reporte
this work were performed. The ratio ofPpeakat the inflection
point to the incident microwave powerPin is

Ppeak

Pin
5

4

p S f 0

D f D
3S SD f

2 2S0
2

12SD f
2 D 1/2 12S0

11
S0

2

3 F S 11
3

S0
2D 1/2

21G , ~8!

where f 0 is the center frequency of the resonance. The fr
tional depth of the resonanceS0(,1) is the ratio of the



t
fu
in

tim
o

o-
o
i

ug
e
io
tin
nt
he
a

-

e

d
re
a

we
e

rre

nts

the

n-

g
. 8
an
the
be-
trip
ents

This
d
ut

d to

of
e
rs
w

ator
ci-

of
e

pper
ime

2782 J. Appl. Phys., Vol. 84, No. 5, 1 September 1998 Culbertson, Newman, and Wilker
transmitted amplitude at the center of the resonance to
transmitted amplitude measured off resonance. The
width D f of the resonance was measured between the po
at which the transmitted amplitude had dropped bySD f rela-
tive to the off-resonance transmission. In most casesD f was
measured at the 3 dB points whereSD f

2 >1/2. All incident
and peak powers are time-averaged powers. The peak
averaged power is related to the peak spatial and temp
total currentI flowing along the strip by

Ppeak5
1
2 I 2Zc , ~9!

whereZc'50V is the characteristic impedance of the c
planar transmission line. The peak current in the superc
ducting strip can be determined for any given incident m
crowave power using Eqs.~8! and ~9!. The peak current
density is determined from the peak current passing thro
a cross section of the transmission line and the knowledg
the shape of the current distribution on that cross sect
The transverse distribution of current on the superconduc
strip is extracted from ourdP(x) measurements. The curre
distribution through the depth of film is estimated from t
solution of a superconducting plane sandwiched between
tiparallel magnetic fields.

A. YBCO at high microwave powers

The photoresponsedP(x) measured by scanning a fo
cused light beam across the 30mm wide YBCO coplanar
strip line is shown in Fig. 13 for six different microwav
powers. Over this power range, Wilkeret al.5 observed that
for YBCO the power in the third harmonic of the applie
power increased as the cube of the applied power—whe
for TBCCO it increased more slowly than cubic. To emph
size changes in shape, the measurements in Fig. 13
scaled to have the same amplitude. These measurem
were performed at a position on the resonant loop co

FIG. 13. Plot of the measured photoresponsedP(x) across the 30 mm wide
YBCO coplanar transmission line~sample 2! for six different peak micro-
wave powers~Ppeak5117.0, 120.8, 22.6, 23.7, 24.3, and 25.5 dBm!. All
measurements were performed at 74 K using an incident light power
mW. The resonance line shapedP( f ) was measured for each microwav
power so the peak microwave power could be calculated. Of the two fi
harmonic resonances, the one corresponding to the higher frequency
used. No systematic change in the spatial profiledP(x) was detected.
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sponding to a peak in the standing wave. All measureme
were performed at 74 K. The shape of the resonanceP( f )
was measured for each microwave power so that@using Eq.
~8!# the peak microwave power could be calculated.

Within the noise of the measurements, the shape of
spatial profiles of the photoresponsedP(x) did not change
with microwave power. The average width of the superco
ducting strip extracted from fits todP(x) was 29.8
60.3mm. The 30mm physical width of the superconductin
strip lies within these error bars. It was observed in Fig
that if the light power is too high, the probing light beam c
alter the system being measured in such a way that
dP(x) spatial profile becomes narrower. The agreement
tween the physical width and the measured width of the s
is evidence that the light power used in these measurem
is sufficiently low.

The peak microwave powersPpeak achieved within the
resonant loop are as large as can be achieved at 74 K.
can be seen from Fig. 14~b!, which shows that the calculate
Ppeak within the resonator saturates with increasing inp
power Pin . Figure 14~a! shows the eightP( f ) measure-
ments of the first harmonic resonances that were use
calculate thePpeak(Pin) curves shown in Fig. 14~b!; the time

1

t-
as

FIG. 14. ~a! Fundamental resonances of the YBCO coplanar reson
~sample 2! measured as a function of microwave power at 74 K. The in
dent powersPin used for the measurements are indicated on the figure.~b!
Calculated spatial peak microwave powersPpeak within the loop for the
resonances shown in~a! plotted in as a function ofPin . The solid line is the
Ppeak calculated for the microwave frequency set at the inflection point
the upper resonance where]P/] f is at maximum. This corresponds to th
conditions used in thedP(x) measurements. The dashed line isPpeak cal-
culated for the microwave frequency set at the center frequency of the u
resonance. The incident microwave power was varied from the linear reg
until the resonance was fully saturated.
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averaged incident powersPin used for the measurements
part ~a! are indicated on the figure. The input microwa
power used in these measurements covered a range of 3
over which thePpeak(Pin) function varied from linear to fully
saturated. The solid line in Fig. 14~b! shows thePpeak

reached in the loop when the microwave frequency is se
the inflection point where]P/] f is at maximum. This corre-
sponds to the conditions used in thedP(x) measurements
The dashed line shows thePpeak reached in the loop when
the microwave frequency is set at the center frequency of
resonance.

The lack of a change in the shape ofdP(x) for YBCO
over this range of microwave powers is consistent with thi
harmonic generation measurements performed by Wi
et al.5 They applied a powerP1 to a coplanar transmissio
line and measured the powerP3 generated in the third har
monic of the applied microwave frequency. They observ
that the third-harmonic generation was well characterized
P3}P1

3 for a range of powers that covers those used in
work. This behavior is expected, because we observed
change in the spatial profile of the current~and thus field!
distributions within the superconducting film. Presumably
is the peak current at the edge of the strip that is respons
for the nonlinearities that generate power in the third h
monic of the applied frequency.

The magnitude of the peak current density in the sup
conductor can be established using measurements of
resonanceP( f ), Eqs.~8! and ~9!, and the current distribu
tion inferred from measurements of the spatial profile of
photoresponsedP(x). The highest power used in Fig. 14~a!
corresponds to a peak power ofPpeak'25.5 dBm or 0.36 W.
Using Eq. ~9! this implies a currentI 5@230.36 W/50
V] 1/250.12 A flows through the 30mm wide by 0.45mm
thick cross section of the strip at the peak of the stand
wave. The average current density is thus^J&58.9
3105 A/cm2. From fits to the photoresponsedP(x), the
J(x) distribution is found to have a peak-to-average ra
Jedge-peak/^J&53.3. Finally we estimate a 2:1 peak-to
average ratio for the current distribution through the thic
ness of the film. This implies a peak spatial and tempo
current density for the highest microwave power used at
K of Jedge-peak'53106 A/cm2. This current density corre
sponds to a surface magnetic field belowHc1 for YBCO at
74 K.

B. TBCCO at high microwave powers

The photoresponsedP(x) measured by scanning a fo
cused light beam across a 30mm wide TBCCO coplanar line
is shown in Fig. 15~a! for twelve different microwave pow-
ers. For this power range, Wilkeret al.5 observed that for
TBCCO the power in the third harmonic of the applie
power increased more slowly than the cube of the app
power—whereas for YBCO it increased as the cube. To e
phasize changes in shape, these measurements in Fig.~a!
are scaled to have the same amplitude. EachdP(x) curve
shown is the average of about tendP(x) measurements—
each measurement was performed with the light s
scanned across a slightly different position along the co
dB
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nar strip~spaced apart by several microns!. This was done to
average out the contributions to the photoresponse that
believed due to the intergranular regions. All measureme
were performed at positions on the resonant loop indis
guishable from the peak of the standing wave. All measu
ments were performed at 80 K. The peak power of the pr
ing light beam incident on the sample was 1 mW. The sh
of the resonanceP( f ) was measured for each microwav
power so that with the aid of Eq.~8! the peak microwave
power could be calculated.

Within the noise of the measurements, the shape of
spatial profiles of the photoresponsedP(x) did not change
with microwave power. The peak-to-valley ratio for the ph
toresponse, plotted asd’s in Fig. 15~b!, is constant, un-
changing with power. The width of the superconducting st
as measured from the FWHM ofdP(x) was also constant.

Within the noise of the measurements, the light-induc
frequency shiftd f @5dP/(]P/] f )# of the resonance did no

FIG. 15. Effect of microwave power on photoresponsedP(x) measured on
the coplanar TBCCO transmission line~sample 1!. Of the two first-harmonic
resonances, the one having the lowest frequency was used to me
dP(x). ~a! dP(x) measured for twelve different peak microwave powe
Ppeakranging from;18 to;31 dBm. Each curve is an average of about t
dP(x) measurements; between each individualdP(x) measurement, the
path of the light spot was translated several microns along the strip. T
curves were averaged to remove the granular contribution to the pho
sponse.~b! Plotted asd’s is the ratio of the peak photoresponse measure
the strip edge to that measured at the strip center plotted as a functio
Ppeak. This peak-to-valley ratio is constant within the accuracy of the m
surement. Plotted asm’s is the light-induced frequency shiftd f of the reso-
nance as a function ofPpeak.
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change with microwave power@seem’s in Fig. 15~b!#. These
frequency shifts were calculated using thedP measurements
in Fig. 15~a! for which the presumed granular contribution
the photoresponse has been averaged out. If an increased f
had been observed with increasingPpeak, this would indicate
that higher microwave powers were enhancing the lig
induced penetration of magnetic fields into the superc
ductor.

The peak microwave powersPpeak achieved within the
resonant loop arealmostas large as can be achieved at 80
This is illustrated for 77 K in Fig. 16~b!, which showsPpeak

within the resonator approaching saturation with increas
input powerPin . Figure 16~a! shows the elevenP( f ) mea-
surements of the first harmonic resonances that were use
calculate thePpeak(Pin) curves shown in Fig. 16~b!; the in-
cident powersPin used for the measurements in Fig. 16~a!
are indicated on the figure. The input microwave power u
in these measurements covered a range of 50 dB over w
the Ppeak(Pin) function varied from linear to almost satu
rated. The solid line in Fig. 16~b! shows thePpeakreached in
the loop when the microwave frequency is set at the infl
tion point where]P/] f is at maximum. This corresponds t
the conditions used indP(x) measurements. The dashed li
shows thePpeak reached in the loop when the microwav

FIG. 16. ~a! Fundamental resonances of the TBCCO coplanar reson
~sample 1! measured as a function of microwave power at 77 K. The in
dent powersPin used for the measurements are indicated on the figure~b!
Peak spatial powers calculated from incident microwave powers and
positions and shapes of resonances shown in~a!. The dashed line isPpeak

calculated for the microwave frequency set at the center of the lower r
nance. The solid line isPpeak calculated for the microwave frequency set
an inflection point of the lower resonance. The straight dotted line show
linear power relation. AsPin was increased,Ppeak changed from increasing
linearly with Pin to almost the point of saturation. Powers for 80 K fe
;1 dB below those plotted here for 77 K.
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frequency is set at the center frequency of the resonanc
ThatdP(x) doesn’t change shape with increasing micr

wave power@see Fig. 15~a!# for the TBCCO film is a signifi-
cant result. Over this same range of microwave pow
Wilker et al.5 observed an anomalously low third-harmon
generation rate for TBCCO films. We observed no chan
with power of the spatial profile of the intrinsic current an
field distributions. Such changes in the current distribut
would affect the generation of power at higher harmonics
the nonlinearities of the system. Deviations of thir
harmonic power generation fromP3}P1

3 can occur either
through redistribution of current or through the nature of t
nonlinear mechanism itself changing. Given these obse
tions, it is natural to look for extrinsic or morphological or
gins for the nonlinearities that give rise to the generation
third-harmonic power. In Fig. 15~a! the extrinsicdP(x) pho-
toresponse observed in the TBCCO sample 1 was purpo
averaged out so attention could be focused on intrin
mechanisms. As seen in Fig. 5, large variations~believed
associated with the granular nature of the TBCCO film! are
seen in the measurements ofdP(x). Perhaps the answer t
the weaker third-harmonic generation observed by Wil
et al. lies in the behavior of nonlinear processes that oc
within intergranular regions.

The magnitude of the peak current density in the sup
conductor can be established using measurements of
resonanceP( f ), Eqs.~8! and ~9!, and the current distribu-
tion inferred from measurements of the spatial profile of
photoresponsedP(x). The highest power used in Fig. 15~a!
corresponds to a peak power ofPpeak'31 dBm or 1.26 W.
Using Eq. ~9! this implies a currentI 5@231.26 W/50
V] 1/250.22 A flows through the 30mm wide by 0.65mm
thick cross section of the strip at the peak of the stand
wave. The average current density is thus^J&51.2
3106 A/cm2. From fits to the photoresponsedP(x) theJ(x)
distribution is found to have a peak-to-average ra
Jedge-peak/^J&52.6. Finally we estimate a 2:1 peak-to
average ratio for the current distribution through the thic
ness of the film. This implies a peak spatial and tempo
current density for the highest microwave power used at
K of Jedge-peak'73106 A/cm2. This current density corre
sponds to a surface magnetic field higher thanHc1 for this
TBCCO at 80 K. The current density at the center of the s
for the lowest power measurement included in Fig. 15~a!
corresponds to a surface magnetic field approximately eq
to Hc1 .

VII. DISCUSSION

A. Implications for models of high microwave power
behavior and third-harmonic generation

Models for the behavior of the YBCO and TBCCO hig
temperature superconductors at high microwave pow
must explain not only the photoresponse observations
ported here, but also the observed generation rate of pow
the third harmonic observed by Wilkeret al.5 The coplanar
test samples used in this work were also used to measur
harmonic generation. Measurements on the YBCO fi
showedP3}P1

3 ~as expected for films of high quality an
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low defect density that are driven by fields belowHc1!. In
contrast, measurements on the TBCCO film showed a slo
growth of the third harmonic over the same range of app
microwave powers~for which Hc1 was exceeded!. If the
mechanism for generating power in the third harmonic
intrinsic, then the rate at which power is generated in
third harmonic should depend on the shape of the spa
profile of the current distribution and not on film imperfe
tions. Given this observation and the measured behavio
third-harmonic power generation in the YBCO and TBCC
samples, we expect to observe no change in the shape o
current distribution for YBCO and a substantial change
the shape of the current distribution for TBCCO. As
change in the intrinsic shape ofdP(x) was observed with
increasing microwave power for either type of film, only tw
possible conclusions can be made:~1! The measurement ha
insufficient sensitivity or resolution to observe the change
the current distribution; or~2! The intrinsic current distribu-
tion did not change and the origin of the third-harmonic ge
eration is extrinsic in nature.

It is important to establish how sensitive thedP(x) mea-
surements reported here are to changes in the shape o
current distribution. Solely for the purpose of illustration, w
consider the effects ondP(x) that result from current distri-
butions predicted by the critical state model.28 It is normally
at the strip edges that the current density is largest
changes most rapidly with position. Consider the situat
where the current density near the strip edge reaches
maximum current densityJmax that the superconducting film
can sustain. There should now be regions of constant cur
densityJmax. The J(x) curve plotted with the wider line in

FIG. 17. Effect of spatially constant current wings on the shape of
photoresponsedP(x). Plotted using dots isdP(x) measured across th
coplanar TBCCO strip~sample 1! at 80 K with an incident microwave
power of 29 dBm. This data is an average of a dozen spatial scans m
sured at positions several microns apart along the strip. This was don
remove the photoresponse features believed associated with grain b
aries. The thin solid line through the data is the result of a fit that yielded
peaked current distribution shown at the bottom. A second current distr
tion, having a constant current density withinDw51/2mm of the strip
edge, is plotted below as a thick line. The thick lines passing through
dP(x) data are calculations of the photoresponse from the truncated cu
distribution—differing only in the treatment of the photoresponse com
from the truncated current region.
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the bottom of Fig. 17 shows just such a situation. This cu
shows aJ(x) distribution with a 1/2mm wide region where
J5Jmax at the film edges. On top of it, plotted using a thi
ner line, is aJ(x) distribution that has not been chopped o
at Jmax. This latterJ(x) was extracted from thedP(x) data
~dots! shown on this figure. The thin line through the data
the fit that was used to determine thisJ(x). Two wider lines
are plotted through the data. Both of thesedP(x) curves
were calculated from the truncated current distribution. T
upper curve is a convolution of the square of the trunca
J(x) curve with a Gaussian representing the spatial res
tion of the measurement. This interpretation may exagge
the contribution from theJ5Jmax regions. When the light
probe modulates the temperature of a spot on the super
ductor whereJ5Jmax, neither the current density nor th
magnetic fields in this region change—except through
temperature dependence ofJmax. The lower thick line
through the data in Fig. 17 shows thedP(x) that results from
neglecting any contributions todP from the region where
J5Jmax. Regardless of which treatment better reflects re
ity, it is clear that a 1/2mm wide region in whichJmax has
been reached produces as substantial change in the sha
the expected curvedP(x).

An additional concern at high microwave powers is th
the absorption of light could cause an increase in the lo
dissipation of microwave power. This added dissipati
would cause an increase indTlocal. If a light-induced in-
crease in the dissipation of microwave power is importan
is reasonable to expect that larger amplifications ofdTlocal

should be observed at higher microwave powers. Calcula
dTlocal from measurements for a wide range of microwa
powers can check this. Within experimental error, we fi
thatdTlocal is independent of microwave power. Another te
of the microwave heating hypothesis is to look at the sh
dP(x) measured across the superconducting strip. The
crowave current density varies dramatically across the w
of the strip. If microwave heating is important then it
reasonable to expectdTlocal to be larger where the curren
density is larger. AdTlocal that is dependent the local curre
density ~and thus on position! would of necessity result in
different shapes fordP(x) measured using different micro
wave powers. That we see no shape changes with microw
power suggests that light absorption enhancement of mi
wave heating is not important.

B. Application of kinetic-inductance photoresponse
to improve film growth and device performance

The kinetic-inductance photoresponse technique is a
nable to characterizing the local microwave transport ch
acteristics of unpatterned superconducting films. As such
can be a valuable aid in growth efforts to improve film qu
ity for microwave applications. In this variation of our tech
nique, an unpatterned film serves as one wall of a microw
cavity. A light beam is focused through the optical qual
transparent substrate onto the ‘‘underside’’ of the superc
ducting film. Cavity resonator systems have much higherQ’s
than the transmission line resonators used in this work~due
primarily to their lower volume to surface ratio!. The sharper
resonance yields a much higher sensitivity. This high se
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tivity enables two-dimensional raster scanning of a l
power focused light beam over a surface to be done i
reasonable time at spatial resolutions of;10mm. The cur-
rent distribution of the cavity modes should be clearly se
The quantity and nature of the local deviations in the curr
distribution on unpatterned films could be studied for a va
ety of growth parameters. The growth parameters could t
be varied to minimize the presence of these microwave
tected film defects.

The association of local defects observed with this p
toresponse technique to pertinent microwave characteri
in actual devices could be of great value. This associa
can be built in the following manner: The behavior of loc
deviations of the current distribution would first be studi
and characterized by their differing behaviors as functions
temperature, microwave power, and light power. Devic
would then be fabricated including and excluding these
fective regions. Studying the difference in the behavior
such devices should establish the desired associations
combined with a growth effort should lead to improved fil
quality and device performance.

C. The effect of light power near Tc

We now offer an explanation for why, asT→Tc , the
light power starts to significantly perturb the system be
measured.

This perturbation is seen as a spatial narrowing ofdP(x)
as T is increased while both the light powerPlight and the
microwave powerP are held constant. ThedP(x) distribu-
tion becomes significantly narrower than the physical wi
of the superconducting strip. Under the same conditions
which the width decreases, the shape ofdP(x) also changes
this behavior was most noticeable in the TBCCO measu
ments where instead of thedP(x) distribution becoming flat-
ter, the peak-to-valley ratio ofdP(x) increased significantly
~the edge photoresponse increased more rapidly than line
with Plight!. Microwave power seems to be unimportant
explaining this behavior, because decreasingP did not mea-
surably change the width or shape of thedP(x) distribution.
The explanation cannot be specific to the mechanisms
volved in the kinetic-inductance photoresponse meas
ment, because the same effects are observed in the resi
transition photoresponse measurements. The absorptio
light nearTc is the common feature of these two very diffe
ent measurement techniques. The absorption of light it
must be altering the system being measured. This behavi
seen for both TBCCO and YBCO—one material in whichH
in our experiments is aboveHcl ~TBCCO! and one for which
it is not ~YBCO!.

We believe that a reduction ofTc by several degree
near the film edges is responsible for the light-induced n
rowing of dP(x). As T increases, the light-induced temper
ture risedT becomes sufficient to heat the superconducto
the film edge into the normal state—and thus contrib
nothing todP. Measurements of kinetic-inductancedP(x)
performed nearTc can potentially map outTc(x). The faster
than linear increase with light power of the kineti
inductancedP that is measured near the strip edges m
a
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likely occurs because forT nearTc , l(T) increases rapidly
and it is no longer valid to assume small signal behavior~i.e.,
dT}dl!.

D. The nature of the extrinsic photoresponse

Spatial variations in the kinetic-inductance photor
sponse of the TBCCO film appear to be associated with
intergranular regions in the film. In the study of the shape
the intrinsic current distribution as a function of microwa
power, these extrinsic variations were carefully removed
averaging measurements taken at many positions along
superconducting strip. The extrinsic variations, even at lowT
~e.g., 80 K! could be a factor of 2 in photoresponse intensi
There are two contributions that should give rise to t
spikes:~1! The current is redistributed around the intergra
region over distance scales on the order ofl. ~2! The same
current flows underneath the light spot, but a smallT rise
enhances the magnetic field penetration more easily wi
the more weakly superconducting intergrain regions so
larger photoresponse is seen. At temperatures below 9
essentially all of the extrinsic variations in thedP(x) mea-
surements that we observed were increases above adP(x)
that resembles the intrinsic photoresponse@see Fig. 5~f!#.
While a detailed explanation for the nature of all of the i
tergrain photoresponse spikes is not yet established,
lower temperature data suggests that enhanced flux pen
tion, rather than current redistribution around film imperfe
tions is the correct explanation for the extrinsic response
lower temperatures.

VIII. CONCLUSIONS

The dependencies of the kinetic-inductance photo
sponsedP on the parameters on the right-hand side of E
~5! have been verified as follows: The measurements ofdP
while scanning the microwave frequency through the re
nance yields adP curve that is proportional to]P/] f . The
measurement ofdP while scanning the position of the ligh
spot along or across the superconducting strip produ
dP(x) curves that that are proportional toJ2; the measure-
ments performed while scanning across the strip qualitativ
match the shape predicted by a numerical calculation17 for
the coplanar transmission line geometry. The dependenc
the total energyW stored in the resonator was verified whe
it was found that the quantitydP/(]P/] f )}(lJ0)2/W re-
mains constant independent of microwave power. The
pendencedP}dl is basic to the interpretation of the kinetic
inductance photoresponse that is presented here.

The kinetic-inductance photoresponsedP includes a
component sensitive to the film morphology that becom
more prominent asT→Tc . When the light spot was scanne
over intergrain regions where the superconducting state
weaker, the local light-induced temperature rise caused
enhanced penetration of the magnetic field and thus a la
dP. The spatial profiles ofdP were much more regular fo
YBCO than for TBCCO. The;5 mm size of thedP varia-
tions in the TBCCO sample 1 matches the grain size in
TBCCO film. The grain size for the YBCO film was muc
smaller than the spatial resolution of our measurements.
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dP spatial variations in the TBCCO sample 1 were mo
pronounced at higherT where the superconductivity in th
intergrain regions is weaker.

For the YBCO films the following observations are co
sistent with no spatial redistribution of the current taki
place. No change in the shape of the spatial profiledP(x) of
the kinetic-inductance photoresponse was seen with incr
ing microwave power. The magnitude ofdP scales with the
microwave power as expected if there is no significant c
rent redistribution. Over the same range of microwave po
ers where the kinetic-inductance photoresponse behaves
no current redistribution is occurring, the microwave pow
in the third harmonic increases as the cube of the app
microwave power.

For the TBCCO film no change in the intrinsic shape
the spatial profiledP(x) of the kinetic-inductance photore
sponse was seen with increasing microwave power. The
trinsic ~intergrain-associated! photoresponse was averag
out to obtain the intrinsic photoresponse. The intergrain p
toresponse for the TBCCO film was much more pronoun
than for the YBCO film. Over the same range of microwa
powers for which no change was observed in the intrin
shape ofdP(x), the rate at which the generation of power
the third harmonicP3 of the applied powerP1 was signifi-
cantly below theP3}P1

3 behavior observed for YBCO
These observations suggest that the generation of th
harmonic power may well be associated with intergrain
gions.
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